Cerebral Cortex, March 2016;26: 1015-1026

doi: 10.1093/cercor/bhu273
Advance Access Publication Date: 19 November 2014
Original Article

ORIGINAL ARTICLE

Neural Language Processing in Adolescent
First-Language Learners: Longitudinal Case Studies
in American Sign Language

Naja Ferjan Ramirez!26, Matthew K. Leonard?3’, Tristan S. Davenport’?,
Christina Torres?, Eric Halgren?34>1, and Rachel I. Mayberry®t

'Department of Linguistics, Multimodal Imaging Laboratory, >Department of Radiology, “Department of
Neuroscience and *Kavli Institute for Brain and Mind, University of California, San Diego, La Jolla, CA 92093, USA,
®Institute for Learning and Brain Sciences, University of Washington, Seattle, WA 98195, USA, and 'Department of
Neurological Surgery, University of California, San Francisco, CA 94158, USA

Address correspondence to Naja Ferjan Ramirez, Institute for Learning and Brain Sciences (I-LABS), Portage Bay Building, Room 356,
University of Washington, Box 357988, Seattle, WA 98195-7988, USA. Email: naja@u.washington.edu

TE.H. and R.LM. are co-senior authors.

Abstract

One key question in neurolinguistics is the extent to which the neural processing system for language requires linguistic
experience during early life to develop fully. We conducted a longitudinal anatomically constrained magnetoencephalography
(aMEG,) analysis of lexico-semantic processing in 2 deaf adolescents who had no sustained language input until 14 years of age,
when they became fully immersed in American Sign Language. After 2 to 3 years of language, the adolescents’ neural responses
to signed words were highly atypical, localizing mainly to right dorsal frontoparietal regions and often responding more
strongly to semantically primed words (Ferjan Ramirez N, Leonard MK, Torres C, Hatrak M, Halgren E, Mayberry RI. 2014. Neural
language processing in adolescent first-language learners. Cereb Cortex. 24 (10): 2772-2783). Here, we show that after an
additional 15 months of language experience, the adolescents’ neural responses remained atypical in terms of polarity. While
their responses to less familiar signed words still showed atypical localization patterns, the localization of responses to highly
familiar signed words became more concentrated in the left perisylvian language network. Our findings suggest that the timing
of language experience affects the organization of neural language processing; however, even in adolescence, language
representation in the human brain continues to evolve with experience.
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Introduction

The architectures of neural circuits are commonly modified
by experience during a specific time window in development
(Zhou and Merzenich 1993; Makinodan et al. 2012). In humans,
reorganization of the brain after damage is greater in children
than in adults (Stiles et al. 2012). In healthy development, lan-
guage is acquired during this early period of heightened

plasticity, but it is unknown whether this timing is essential: to
what extent does the neural processing system for language re-
quire language experience during early life to develop fully?
This is a difficult question to answer because infants who hear
normally experience language patterns even before birth (Moon
and Fifer 2000; Weikum et al. 2012). However, it is possible to
investigate the question by studying individuals who are born
profoundly deaf. Some deaf children, unlike those who hear,
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experience little language during childhood because they can
neither hear the language spoken around them nor see sign lan-
guage if it is absent from their environment. In some cases, deaf
children experience little or no language until they have the op-
portunity to interact with other deaf children through sign in
school or social settings (Newport 1990; Mayberry 1993; Morford
2003; Berk and Lillo-Martin 2012). These unique developmental
circumstances offer a means to ask whether the neural architec-
ture of the human language system is affected by the timing of
linguistic experience in relation to age.

The present study is a longitudinal investigation of neural
language processing in 2 deaf adolescents (cases) who experi-
enced no childhood language until the age of 14 years when
they became fully immersed in American Sign Language (ASL).
ASL, like other sign languages, has a linguistic architecture simi-
lar to that of spoken languages and obeys linguistic rules at the
level of phonology, morphology, syntax and semantics (Klima
and Bellugi 1979; Sandler and Lillo-Martin 2006). When children
experience sign language from birth, the trajectory and content
of their language acquisition parallels the acquisition of spoken
languages (Anderson and Reilly 2002; Mayberry and Squires
2006). Under these typical developmental circumstances,
sign language in the mature brain is processed in a left fronto-
temporal brain network, similar to the network used by hearing
subjects to understand speech (Hickok et al. 1996; Corina et al.
1999; Petitto et al. 2000; McCullough et al. 2005; Sakai et al.
2005; MacSweeney et al. 2006). Interestingly, this may not be
the case for hearing native and non-native signers (Newman
et al. 2002; Ronnberg et al. 2004). However, deaf individuals who
acquire sign language at a late age, but after a successful acquisi-
tion of a spoken and/or written language (as indicated by their
reading scores; MacSweeney et al. 2008), also process sign
language mainly in the left frontotemporal network.

This is not the case for those deaf individuals who are not
exposed to any natural language during childhood. Specifically,
late first-language (L1) acquisition of sign has been linked to de-
creased hemodynamic activity in the classical left-hemisphere
language areas and increased activity in the occipital cortex
(Mayberry et al. 2011), suggesting a fundamental difference
the neural correlates of language when acquisition is delayed.
Moreover, late L1 acquisition of sign has been associated with
low language proficiency in adulthood and lifelong language
processing difficulties across all levels of linguistic structure
(phonology, lexical processing; morphosyntax, semantics;
Mayberry and Fischer 1989; Newport 1990; Mayberry and Eichen
1991; Emmorey et al. 1995; Mayberry et al. 2002; Boudreault and
Mayberry 2006).

The negative effects of delayed language experience are espe-
cially prominent in those deaf individuals where no language
experience was available during the first several years of life,
and sometimes not until adolescence. However, research in
this area is limited in quantity and scope, mainly because most
North American and European deaf children begin receiving
special services and experiencing natural language (spoken or
signed) by the time they enter school. Deaf individuals without
childhood language experience are commonplace in countries
where they grow up in isolation from one another and services
for deaf people are limited as for example in Cambodia or
Nepal (Hoffmann-Dilloway 2010; Dittmeier 2014). Furthermore,
most studies on late L1 learners have used a retrospective para-
digm studying adults whose onset of L1 acquisition began at a
variety of ages, but who have used sign language for many
years. The early stages of late L1 acquisition and its neural corre-
lates, on the other hand, have not been studied extensively.

In North America, some otherwise healthy deaf individuals
do not attend school and/or receive any special services until
adolescence, due to various circumstances in their upbringing re-
lated to social and educational factors (see Morford 2003; Ferjan
Ramirez et al. 2013a). In the present study, we investigate the
neural correlates of language of 2 such adolescent cases, Carlos
and Shawna. They had not been in contact with any spoken or
signed language until the age of approximately 14 years when
they began to acquire ASL through full immersion, upon place-
ment into the same group home for deaf children.

Prior to ASL immersion, the adolescents lived with their hear-
ingbiological parents (Carlos) or guardians (Shawna) who did not
use any sign language. At initial ASL immersion, they were
observed to rely on behavior and limited use of gesture to com-
municate. Shawna was kept at home and not sent to school
until the age of 12 years and did not receive any special services
until age 14;7. At that point, she had received a total of 16 months
of schooling, during which she was switched among a number of
deaf and hearing schools. Carlos immigrated to the United States
of America at the age of 11 years. In his home country, he lived
with his hearing family and reportedly had received only a
few months of schooling. Upon arrival to the United States of
America at the age of 11, he was misplaced in a classroom for
cognitively impaired children where the use of sign language
was limited. When he was placed in the group home at the age
of 13;8, he knew only a few ASL signs and, like Shawna, was
illiterate and unable to use or comprehend spoken or signed
language. For a more detailed description of their backgrounds,
see Ferjan Ramirez et al. (2013a, 2014).

Thus, the 2 individuals studied here each had a unique child-
hood background, but what they had in common was a lack of
language experience throughout childhood. Importantly, Carlos
and Shawna are unlike the previously described cases of social
isolation and abuse of children who hear normally (Koluchova
1972; Fromkin et al. 1974; Curtiss 1976) in that they were neither
emotionally nor nutritionally deprived throughout childhood
and, apart from a lack of linguistic experience and schooling,
had a healthy upbringing. It is also important to emphasize
that the cases’ backgrounds are unlike some of the previously
described US and Taiwanese deaf children reported to create a
systematic gesture system, known as homesign (Morford and
Hénel-Faulhaber 2010). Unlike these deaf children, who received
special services, attended school by the age of 5, and developed
varying levels of literacy, the present cases had received little
schooling or special services, were not observed to have created
a systematic gesture system, and were illiterate. Their back-
grounds may thus resemble those of first-generation home-
signers in Latin American countries (Senghas and Coppola
2001) except that the cases had little contact with other deaf
children. After 2 to 3 years of full ASL immersion, the language
expression of both the adolescents consisted primarily of
short and simple utterances. Consistent with their level of their
syntactic development, their vocabularies were limited in size
but included words from all syntactic categories (nouns, verbs,
adjectives, and grammatical words; see also Ferjan Ramirez
et al. 2013a).

We previously conducted an anatomically constrained mag-
netoencephalography (aMEG) study with the cases to investigate
lexico-semantic processing after only 2-3 years of ASL exposure.
Only those ASL lexical items that were part of their vocabularies
were used as experimental stimuli. The cases’ neural responses
to ASL signs were compared with those of 12 deaf native signers
and 11 hearing second language (L2) learners of ASL. At the time
of the study (Ferjan Ramirez et al. 2014), both adolescents showed



semantically modulated activity that localized primarily to the
right superior parietal, anterior occipital, and dorsolateral pre-
frontal areas. They also exhibited limited semantically modu-
lated activity in parts of the classical left-hemisphere language
network; however, the left-hemisphere responses were in-
creased rather than decreased by semantic priming. The neural
activation patterns of the cases differed markedly from those of
the 2 sets of controls, individuals born deaf who experienced
sign language as infants (native learners), and individuals born
with normal hearing who experienced spoken language as in-
fants and learned sign language as a second language as young
adults (L2 learners). In agreement with previous research, both
control groups showed semantically modulated activity that lo-
calized primarily to the classical left-lateralized frontotemporal
network, and which decreased when words were semantically
primed (Leonard et al. 2012), consistent with the well-character-
ized N400 response (Kutas and Federmeier 2011).

These aMEG results suggested that the cases’ neural process-
ing of word meaning after 2 to 3 years of language experience was
atypical, both in terms of localization and polarity of the seman-
tically modulated neural activity. We speculated that the unique
patterns of right superior parietal and right dorsolateral prefront-
al activity observed in Carlos and Shawna may be specifically re-
lated to their lack of language exposure during childhood. The
next important question we ask here is whether and how these
neural responses change as a consequence of continued lan-
guage experience.

One possibility is that Carlos’ and Shawna’s neural represen-
tations of word meaning will remain unchanged, which would
suggest that their having grown up without language experience
has permanently altered the way in which their brains process
language. Half a century ago, Penfield and Roberts proposed
that after early childhood, the human brain becomes “stiff and
rigid” (Penfield and Roberts 1959) and language acquisition is
no longer possible. A decade later, Lenneberg (1967) proposed
that a gradual left-hemisphere specialization for language, com-
pleted by puberty, limited language acquisition after adolescence.
Research since then has found that the left-hemisphere is specia-
lized for language from a very early age (Dehaene-Lambertz et al.
2002; Imada et al. 2006; Travis et al. 2011). For example, Travis and
colleagues found that the lexico-semantic neural responses to
English words in 12- to 18-month-olds are mostly adult-like and
localize primarily to the left frontotemporal areas, although
some additional right hemisphere activity was noted when
infants were directly compared with adults. However, the degree
to which neural activation patterns in infants are contingent
upon language experience is unknown, because nearly all hearing
children experience language from before birth.

The speculations as to why learning a language after adoles-
cence often results in less than native-like proficiency typically
do not distinguish between the radically different situations of
first (L1) versus second (L2) language acquisition. Research with
the population of deaf signers where both kinds of language lear-
ners co-exist indicates that the effects of age of acquisition are
qualitatively different and much more severe for L1 compared
with L2. A number of studies with late L1 learners indicate that
delayed exposure to natural language has severe and lifelong
effects on language proficiency and processing. Specifically,
older ages of L1 acquisition have been associated with decreased
phonological and morpho-syntactic abilities, as well as a decline
in sentence and narrative comprehension (Newport 1990;
Emmorey et al. 1995; Mayberry et al. 2002). Late age of L1 acquisi-
tion in sign has also been associated with atypical localization of
language processing in the brain (Meyer et al. 2007; Mayberry
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et al. 2011). Our previous MEG study of the same cases described
here (Ferjan Ramirez et al. 2014) found atypical localization after
2 to 3 years of L1 learning. Here we ask whether these atypical
patterns are stable, or if they change as the cases experience add-
itional language in both formal educational and natural settings.
Our results bear on the question of the extent to which language
representations are plastic when they are formed for the first
time in adolescence.

Materials and Methods

Participants

Carlos’ and Shawna’s backgrounds were summarized earlier and
have been described in detail in our previous publications (Ferjan
Ramirez et al. 2013a, 2014). In brief, these 2 adolescents
experienced their first language, ASL, at the age of ~14 years.
The present neuroimaging data were collected after they had ex-
perienced 39 (Shawna) and 51 (Carlos) months of ASL immersion
and are a follow-up investigation of our initial study, henceforth
Visit 1 (Ferjan Ramirez et al. 2014) at which Shawna had experi-
enced 24 months and Carols had experienced 36 (Carlos) months
of ASL immersion. The present study, Visit 2, was thus conducted
after 15 months of additional language exposure. During this
time, both cases continued to live in the same group home for
deaf adolescents where they interacted with their peers and
staff members exclusively through ASL. They also continued to
attend the same school, where their main language of communi-
cation was ASL. The adolescents’ results from Visit 2 are com-
pared with those from Visit 1, as well as with 2 control groups:
12 young deaf adults who acquired sign language from birth
(native signers; 6 females, 17-36 years), and 11 young hearing
adults who studied ASL in college (L2 signers; 10 females; 19-33
years). All control participants were right-handed adults with
no history of neurological or psychological impairment. The
native signers were all profoundly deaf and acquired ASL from
birth from their deaf parents. The L2 learners were hearing native
English speakers who had received 40 to 50 weeks of college-level
ASL instruction and used ASL on a regular basis at the time of the
study. The cases’ results from Visit 1 and the results from the
control groups have been reported in detail elsewhere (Leonard
et al. 2012, 2013; Ferjan Ramirez et al. 2014) and are reported
here only insofar as they are relevant and necessary to the inter-
pretation of results of 2 adolescents at Visit 2. For a summary of
participant background characteristics, see Table 1.

Stimuli and Task

The same stimuli and task from Visit 1 were used for Visit 2. In
brief, we used an N400 picture-priming paradigm, similar to
what has previously been used in a number of developmental
studies (Friedrich and Friederici 2005, 2010; Travis et al. 2011).
The N400 (N400m in MEG) is an event-related brain response
that peaks about 400 ms after the presentation of a word
(or other meaningful stimulus) in multiple modalities and is
modulated by the degree of difficulty of contextual integration,
word frequency and repetition, and other factors (Kutas and
Hillyard 1980; Kutas and Federmeier 2011). We recorded MEG as
the participants viewed pictures of objects followed by ASL
signs that either matched (congruent; for example “book-book”)
or did not match (incongruent; for example, “book-dog”) the
picture in meaning (Fig. 1). Each sign appeared in both the congru-
ent and incongruent conditions, thus permitting averages to be
constructed that were exactly matched on a sensory level between
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Table 1 Participants’ background information and task performance: mean (SD)

Participant(s) Age Age of ASL Picture-sign matching Response time (ms)
acquisition accuracy (%)
Native signers (n=12) 30 (6;4) Birth 94% (4%) 619.1 (97.5)
L2 learners (n=11) 22;5 (3.8) 20 (3;9) 89% (5%) 719.5 (92.7)
Visit 1 Visit 2 Visit 1 Visit 2 Visit 1 Visit 2
Carlos 16;10 18;1 13;8 85% 89% 733.1 650.6
Shawna 16;9 18 14;7 84% 87% 811.4 569.4

Congruent trial

Picture:
700 ms

Fixation
Cross:
400-600 ms

Sign video:
340-700 ms

respond

1000 ms frozen
on last frame to

Incongruent trial

Figure 1. Schematic diagram of task design. Each picture and sign appeared in both the congruent and incongruent conditions. Averages of congruent versus incongruent

trials thereby compared responses with exactly the same stimuli.

conditions. Special care was taken so that when a trial was
rejected for a particular stimulus in 1 condition, that the corre-
sponding trial to the same stimulus in the other condition was
also rejected. Consequently, the incongruent-congruent differ-
ences described here cannot be due to uncontrolled sensory dif-
ferences in the ASL signs. All stimulus signs were concrete nouns
and were already part of Carlos’ and Shawna’s vocabularies at
Visit 1. The task was to press a button when the sign matched
the picture; response hand was counterbalanced across blocks
within participants. The cases and native signers saw 6 blocks
of 102 trials each, and the L2 signers saw 3 blocks of 102 trials
each. Prior to scanning, all participants performed a short prac-
tice run that used a separate set of ASL signs. For a more detailed
description of stimuli and task, see Ferjan Ramirez et al. 2014.

Anatomically Constrained MEG (aMEG) Analysis

In the above-described picture-priming paradigm, we expect to
see a difference between congruent and incongruent trials
(N400m), which we localized with aMEG, a noninvasive neuro-
physiological technique that constrains the MEG activity to
the cortical surface as determined by high-resolution MRI.
This noise-normalized linear inverse technique has been used
extensively to characterize the spatiotemporal dynamics of
spoken, written, and signed word processing (Halgren et al.
2002; Marinkovic et al. 2003; Travis et al. 2011; Leonard et al.
2012) and has been validated by direct intracranial recordings
(Halgren, Baudena, Heit, Clarke, Marinkovic, Clarke 1994;
Halgren, Baudena, Heit, Clarke, Marinkovic, Chauvel et al. 1994,

McDonald et al. 2010). However, it must always be borne in
mind that source estimation from extracranial MEG is an ill-
posed problem (Dale et al. 2000).

In our previous work using the same picture-priming para-
digm and stimuli with typically developing hearing and deaf
adults, and with the cases, we have observed that the strongest
N400 semantic effect tends to occur between 300 and 350 ms
postword onset; however, the results are similar when a broader
time window is used (for example, 200-400 ms; see Ferjan
Ramirez et al. 2014). For the purposes of comparison between
Visit 1 and Visit 2, the current study uses the 300- to 350-ms
time-window. Analyses using a broader time-window are
shown as supplemental figures (Supplementary Figs S1 and S2).
Shawna’s and Carlos’ aMEG responses were studied at the indi-
vidual level and compared with their own aMEG responses at
Visit 1, as well as with the aMEG responses of both control groups.
The group data (native signers and L2 learners) represent an aver-
age of F-values from individual subjects. All between-subject
statistics were performed on the individual F-values. Statistical
comparisons are made on region of interest (ROI) time courses,
which were selected based on information from the average
incongruent-congruent subtraction across all subjects (cases,
native signers, and L2 signers).

MEG was recorded in a magnetically shielded room (IMEDCO-
AG, Switzerland), using a 306-channel (102 magnetometers and
204 planar gradiometers) Neuromag Vectorview system (Elekta
AB). The main fiduciary positions including the nose, nasion, pre-
auricular points, and additional head points were digitized to
allow for later co-registration with high-resolution MRI images.
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Data were collected at a continuous sampling rate of 1000 Hz with
minimal filtering (0.1 to 200 Hz). Visually identified bad channels
(channels with excessive noise, no signal, or unexplained arti-
facts) were excluded from further analyses, as were trials with
large transients (>3000 fT/cm for gradiometers). Blink artifacts
were removed using independent component analysis by pairing
each MEG channel with the electro-oculogram channel and re-
moving the independent component that contained the blink
(Delorme and Makeig 2004).

A T1-weighted structural MRI was acquired on a GE 1.5-T
EXCITE HG scanner, and participants were allowed to sleep or
rest during MRI acquisition. Using FreeSurfer (http:/surfer.nmr.
mgh.harvard.edu/), the cortex was reconstructed from each indi-
vidual participant’s MRI. A boundary element method forward
solution was derived from the inner skull boundary (Oostendorp
and Van Oosterom 1992), and the cortical surface was tiled with
~2500 dipole locations per hemisphere (Dale et al. 1999; Fischl
et al. 1999). The orientation-unconstrained MEG activity of each
dipole was estimated every 4 ms, and the noise sensitivity at
each location was estimated from the average pre-stimulus base-
line from —190 to —20 ms. Individual subject aMEG movies were
constructed from the averaged data in the trial epoch for each
condition using only data from the gradiometers. Where group
analyses were conducted (native signers and L2 signers), data
were combined across subjects by taking the mean activity at
each vertex on the cortical surface and plotting it on an average
Freesurfer brain (version 450) at each latency. Vertices were
matched across participants by morphing the reconstructed cor-
tical surfaces into a common sphere, optimally matching gyral-
sulcal patterns and minimizing shear (Sereno and Dale 1996;
Fischl et al. 1999). These aMEG maps can be interpreted as esti-
mates of signal-to-noise at each point on the cortical surface;
as such, they are analogous to the “z-score maps” often displayed
in fMRI analyses (Dale et al. 2000). Statistical comparisons were
made on ROI time courses, which were identical to those defined
for our previous analyses of Visit 1 data (Ferjan Ramirez et al.
2014), where they were based on maps made from the average
incongruent-congruent subtraction across all subjects (12 native
signers, 11 L2 signers, and the 2 cases).

Results

Behavioral Results

Both control groups performed with high accuracy and fast reac-
tion times (RTs) (Table 1). The cases show improvement in task
performance between the 2 visits especially in RT. At Visit 1,
Carlos and Shawna performed at 85% (RT: 733 ms) and 84% (RT:
811 ms) respectively, which was about 2.5 standard deviations
away from the natives’ group, and within 1 standard deviation
of the L2 group. At Visit 2, Carlos’ accuracy improved by 4% and
his RT decreased by 11%. Shawna’s accuracy improved by 3%,
and her RT decreased by 30%. These behavioral results show
that the adolescents’ familiarity with the stimulus signs in-
creased with the additional 15 months of ASL experience be-
tween Visits 1 and 2. Their accuracy levels were now similar to
the hearing L2 learners and approximated that of the deaf native
signers, and their RTs were now within 1 standard deviation of
both control groups.

aMEG Results

Figure 2 shows the aMEG maps of the strength of the incongru-
ent-congruent activity for Carlos (A-D) and Shawna (F-I). Results
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from Visit 1 are shown on the top, and results from Visit 2 are
shown right below Visit 1 (Fig. 2A, F is reprinted from Ferjan
Ramirez et al. 2014). The aMEG maps are a measure of signal-
to-noise ratio or the F-ratio of explained variance over unex-
plained variance. The areas shown in yellow and red represent
the strongest neural activity relative to baseline. We also exam-
ined whether the differences between incongruent and congru-
ent conditions were due to larger signals in one or the other
direction by examining the MEG sensor-level data directly. Panels
B, D, G, and I correspond to Panels A, C, F, and H, respectively, but
indicate the effects of semantic priming on the estimated brain
activity in individual sensors, and in particular whether the
activity patterns in the aMEG maps are caused by the expected
N400 responses (incongruent > congruent), or a response in the
opposite direction (congruent >incongruent). Using a random-
effects resampling procedure (Maris and Oostenveld 2007), we
found the MEG channels where the semantic effects were signifi-
cant (P <0.01) for incongruent > congruent (Panels B, D, F, and H,
blue channels) or congruent > incongruent (Fig. 2 B,D,F,H, red
channels).

At Visit 1 (A, B, F, and G), Carlos’ and Shawna’s signature
of word comprehension as indicated by the expected N400
responses (incongruent>congruent; channels highlighted in
blue) primarily localized to right superior parietal, anterior
occipital, and dorsolateral prefrontal areas. Carlos’s aMEG showed
minimal left-hemisphere activity (A), and there were no signifi-
cant incongruent-congruent left-hemisphere effects at the indi-
vidual sensor level (B). Shawna’s aMEG exhibited some effects
in parts of the classical left-hemisphere language network (F),
but these were predominantly due to congruent > incongruent
activity (G, channels highlighted in red).

The cases’ neural responses to signs at Visit 2 showed a quali-
tatively different pattern compared with Visit 1. Most notably, the
semantically modulated activity in the right superior parietal
and dorsolateral prefrontal areas decreased in magnitude com-
pared with the first visit (Visit 1: A and F; Visit 2: C and H). At
the same time, the left-hemisphere semantic effects increased
in magnitude compared with the first visit and localized to the
superior and inferior temporal cortex, and to perisylvian and
orbitofrontal areas. Shawna'’s sensor-level data (I) still suggest
significant right hemisphere activity at Visit 2; however, these ac-
tivations are weaker than those in her left hemisphere, as indi-
cated by the fact that they do not appear in the aMEG maps at
the chosen threshold. Carlos, whose left hemisphere exhibited
no significant channels at Visit 1 (B), showed a bilateral distribu-
tion of semantically related activity at Visit 2. Together, these
results suggest that the neural language processing of both
cases has undergone a leftward shift over time. Furthermore,
with increasing language experience, their semantic processing
appeared to shift from being mainly in parietal and dorsolateral
prefrontal regions to temporal and ventral frontal regions.

Itis important to note, however, that a large proportion of the
cases’ semantically modulated activity, particularly in the left
hemisphere, still shows an unexpected polarity (i.e., show
increases instead of decreases to semantic priming; Fig. 2D, I).
Such responses were also present at Visit 1 and have previously
been observed in an ERP study with infants prior to the emer-
gence of the canonical N400 patterns (Friedrich and Friederici
2005, 2010). We have also observed such responses in relatively
inexperienced L2 users of ASL and have previously suggested
that they may represent a neural signature of language learning
(Ferjan Ramirez et al. 2014).

We next mapped the z-scores of the aMEG for Carlos’ and
Shawna’s Visit 1 and compared them with their z-scores at
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Carlos
Visit 1

Shawna
Visit 1

Gl e

0.7

1

- 2 2
Analysis Time-Window: 300-350ms  ve:: S

Visit 2 >

Figure 2. Contrasting semantic activation patterns to signs for Carlos and Shawna at Visit 1 and Visit 2. aMEG maps (A, C, F, H): The right parietal activation prominent in
Visit 1 (cyan arrows, A, F) is no longer present in Visit 2 (cyan arrows, C, H). Conversely, the left posteroventral prefrontal activation in Carlos and the left anterior temporal
activation in Shawna in Visit 2 (pink arrows, C, H) are greatly increased compared with Visit 1 (pink arrows, A, F). MEG sensor data (B, D, G, I): At both visits, a large
proportion of the cases’ neural responses to words are increased (congruent>incongruent, red channels) rather than decreased (incongruent>congruent, blue
channels) by semantic priming. Statistical significance was determined by a random-effects resampling procedure (Maris and Oostenveld 2007) and reflects time
periods where incongruent and congruent conditions diverge at P <0.01. Z-score maps (E, J): brain areas where semantic modulation in Carlos (E) and Shawna () is
greater in Visit 1 compared with Visit 2 (blue) and areas where semantic modulation is greater in Visit 2 compared with Visit 1 (yellow and red). Maps are thresholded

atl<z<2.

Visit 2 (Fig. 2E, ]). These maps were constructed by converting
aMEG values of the difference between conditions (incongru-
ent-congruent trials) to z-scores separately in Visit 1 and 2. The
difference in z-scores between Visits was calculated at each ver-
tex on the model cortex and plotted separately for Carlos (Fig. 2E)
and Shawna (J). These z-score maps show the brain areas where
semantic modulation in Carlos and Shawna is greater in Visit 1
compared with Visit 2 (shown in blue) and areas where semantic
modulation is greater in Visit 2 compared with Visit 1 (shown in
yellow and red). For Carlos (Fig. 2E), the activity at Visit 1 was
greater than that at Visit 2 in the right superior parietal cortex
and in the left parietal cortex and superior frontal cortex. His ac-
tivity at Visit 2 was greater than that at Visit 1 in the left poster-
ovental prefrontal cortex, in the right frontal and temporal pole,
and in the right superior temporal cortex. For Shawna (J), the ac-
tivity at Visit 1 was greater than that at Visit 2 in the left superior
parietal and parieto-occipital cortex, as well as in the right occipi-
tal and right parietal cortex. Her activity at Visit 2 was greater
than that at Visit 1 in the left superior and inferior temporal cor-
tex and in the left planum temporale (PT).

To assess the statistical significance of the changes in activity
patterns between Visits 1 and 2, we conducted repeated-
measures analysis of variance (ANOVA) tests on single-trial

brain responses, separately for Carlos and for Shawna. Our stat-
istical analyses were conducted in 9 bilateral regions of interest
(ROIs) that were defined in our previous analyses of Visit 1 data
(Ferjan Ramirez et al. 2014) by considering the aMEG movies of
grand-average activity across the whole brain of all 12 native
signers, all 11 L2 signers, and the 2 cases. The strongest clusters
of neural activity across all the subjects were selected for statis-
tical comparison.

In addition to this z-score comparison of the cases to the con-
trol groups, activity was compared across individual trials in each
subject to evaluate the effects of visit, hemisphere and ROI, and
especially their interactions. Specifically, repeated-measures
ANOVA tests were conducted with a 9 (ROI) x 2 (Hemisphere) x
2 (Visit) design, using the normalized aMEG values of the differ-
ence between each congruent trial and its incongruent counter-
part as the dependent variable. Measurements were conducted
in the previously defined N400 time-window (300-350 ms).
Results confirmed that the cortical distribution of semantically
modulated activity changed with language experience in both
Carlos and Shawna. While Carlos’ overall lateralization did not
change significantly between Visits (Visit x Hemisphere: F; 539 =
1.4, P=0.2; see also Figure 2A,C,E), his cortical reorganization
was reflected in a significant Visit x ROI interaction (Fgs3, =21.2,



P <0.001) and a Visit x Hemisphere x ROI interaction (Fgs3, = 20.3,
P <0.001). Shawna’s semantic responses underwent a shift into
left-hemisphere canonical language areas (see Fig. 2FH))),
which was reflected by interaction effects between Visit and all
other factors (Visit x ROL: Fgs1,=24.6, P<0.001; Visit x Hemi-
sphere: F; 510 =118.6, P <0.001; Visit x ROI x Hemisphere: Fg 515 =
54.6, P <0.001).

Further analyses were conducted to find out which ROIs in
Carlos and Shawna showed the effect of Visit. At each ROI, in
each hemisphere (a total of 18 ROIs), an unpaired two-tailed
t-test was conducted, using the normalized single-trial differ-
ence waves as inputs, and testing whether the N400 effect of con-
gruency in Visit 1 differed from that in Visit 2. Because there were
18 t-tests per subject, a Bonferroni-corrected alpha level of 0.0028
was used. In accordance with the analyses presented in Figure 2
(A-E), Carlos showed significantly greater activity in Visit 2 com-
pared with Visit 1 in a number of left and right perisylvian areas:
(df =539; left inferior frontal gyrus (IFG) t=4.7, P<0.001; left PT t
=3.7,P<0.001, left superior temporal sulcus (STS) t =4.0,P < 0.001,
left temporal pole (TP) t=5.8, P <0.001, right anterior insula (AI)
t=3.6, P<0.001, right IFG t=7.6, P <0.001, right inferior temporal
lobe (IT) t=4.4, P<0.001, right lateral occipitotemporal cortex
(LOT) t=3.7, P<0.001). Also in agreement with her dSPM and
z-score maps (Fig. 2F-J), Shawna showed significantly greater
activity in Visit 2 compared with Visit 1 in many perisylvian
areas, almost exclusively in the left hemisphere: (df =519; left
Al t=9.9, P<0.001; left IFG t=9.6, P<0.001, left intraparietal
sulcus (IPS) t=4.8 P<0.001, left IT t=8.3 P<0.001, left STS t=7.5
P <0.001, left TP t=4.0 P <0.001, left pSTS t=5.0 P <0.001, right
PT t=3.4 P=0.001) and reduced activity in Visit 2 compared
with Visit 1 in some right hemisphere areas: (right IFG t=5.9
P<0.001, right IT t=5.6 P<0.001, right TP t=5.9 P <0.001).

The next step of our analysis was to directly compare the spa-
tial pattern of statistically significant semantically modulated
neural activity in Carlos and Shawna with that of the native
and L2 signers. Statistical analyses were conducted in the same
9 bilateral ROIs. As in our previous analyses of Visit 1 (Ferjan
Ramirez et al. 2014, significant ROIs were defined as those
where Shawna’s or Carlos’ aMEG values were more than 2.5
standard deviations away from the mean value of each control
group. Such a strict threshold was applied (a z-score of 2.5 corre-
sponds to a P-value of 0.0124) because comparisons were con-
ducted in multiple ROIs.

Table 2 presents normalized aMEG values for the subtraction
of incongruent-congruent trials for both control groups (A) and
for Carlos and Shawna at Visit 2 (B) and Visit 1 (C). At Visit 1,
the statistically significant differences between the cases and
the control groups were all localized to the right hemisphere
ROIs. Carlos showed greater activity than native signers in right
LOT and posterior superior temporal sulcus (pSTS), and greater
activity than the L2 signers in the right IPS. Similarly, Shawna
showed greater activity than the natives in right IFG, IPS, and
pSTS, and greater activity than the L2 signers in the right IPS.
All of these differences between the cases and the control groups
have disappeared by Visit 2, with the only statistically significant
effect now localizing to the left STS for Shawna, where neural
activity is stronger than that of both control groups. These results
thus again suggest that the cases’ distribution of semantically re-
lated neural activity in response to words has undergone a left-
ward shift.

Finally, we asked whether this emerging leftward shift in
Carlos and Shawna can be specifically related to their growing
familiarity with ASL. If this is indeed the case, their neural
responses to those stimulus words with which they are most
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Table 2 Normalized aMEG values for the subtraction of incongruent-
congruent trials

Native mean (sd) L2 mean (sd)

(A) Control groups

ROI LH RH LH RH
Al 0.39 (0.14) 0.40 (0.18) 0.33(0.12) 0.36 (0.13)
IFG 0.29 (0.12) 0.30 (0.12) 0.26 (0.12) 0.28 (0.14)
IPS 0.37 (0.10) 0.32 (0.13) 0.36 (0.13) 0.28 (0.08)
IT 0.43 (0.12) 0.35 (0.11) 0.36 (0.13) 0.34 (0.18)
LOT 0.29 (0.12) 0.29 (0.10) 0.30 (0.16) 0.32 (0.15)
PT 0.54 (0.14) 0.45 (0.17) 0.45 (0.16) 0.43 (0.18)
STS 0.43 (0.08) 0.41 (0.18) 0.32 (0.09) 0.36 (0.16)
TP 0.45 (0.16) 0.46 (0.15) 0.34 (0.14) 0.38 (0.16)
pSTS 0.33 (0.09) 0.27 (0.07) 0.34 (0.16) 0.32 (0.15)
(B) Cases time 2
Carlos Shawna
ROI LH RH LH RH
Al 0.42 0.35 0.60 0.24
IFG 0.28 0.28 0.26 0.16
IPS 0.20 0.21 0.26 0.26
IT 0.24 0.39 0.62 0.16
LOT 0.31 0.40 0.46 0.19
PT 0.26 0.48 0.59 0.33
STS 0.26 0.62 0.65%P 0.17
TP 0.29 0.59 0.41 0.18
pSTS 0.24 0.30 0.48 0.27
(C) Cases time 1
Carlos Shawna
ROI LH RH LH RH
Al 0.27 0.43 0.38 0.43
IFG 0.26 0.31 0.34 0.60%
1PS 0.31 0.54° 0.41 0.66°"°
IT 0.50 0.43 0.41 0.27
LOT 0.43 0.57% 0.17 0.29
PT 0.33 0.57 0.52 0.33
STS 0.26 0.40 0.47 0.23
TP 0.42 0.51 0.27 0.20
pSTS 0.26 0.472 0.35 0.542

2.5 standard deviations (P =0.0124) from native mean.
b2 5 standard deviations (P =0.0124) from L2 mean.

familiar should be more left-lateralized than the neural re-
sponses to those words with which they are less familiar. To
test this hypothesis, we split their responses by median RT, the
rationale being that those words with fast RTs are the ones
with which they are most familiar, whereas those with slower
RTs are words with which they may be less familiar. For each
case, 2 aMEG maps were created, 1 for the faster RT words and
1 for the slower RT words. The same analyses were conducted
with each control participant; these individual aMEG maps
were then combined across all subjects within each group, creat-
ing 2 group average aMEG maps for each control group, 1 for the
fast RT words and another for the slow RT words.

The results presented in Figure 3 indicate that Shawna’s and
Carlos’ neural responses to fast RT words are either left-latera-
lized (Shawna) or bilaterally distributed (Carlos). In contrast,
their responses to slow RT words show strong right hemisphere
activity, some of which localizes to superior parietal, anterior oc-
cipital, and dorsolateral prefrontal cortex (Fig. 3E,F, blue arrows).
These were the areas that showed the strongest activity for Visit 1
(see Fig. 2A,E). The RT median split analyses for the control
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Figure 3. Reaction time (RT) analyses. In Carlos and Shawna, the fast RT words are either bilaterally distributed (A, Carlos), or left-lateralized (B, Shawna), whereas the
responses to slow RT words are right lateralized or bilaterally distributed (E, Carlos; F, Shawna) and localize to anterior occipital, superior parietal, and dorsolateral
prefrontal cortex (E, F, blue arrows). In contrast, for the control participants, semantically modulated activity in response to both fast and slow RTs localizes to a
common left-lateralized network (C, G, native signers; D, H, L2 signers). RT ranges for correct trials: Shawna, Visit 1: fast=381-821 ms, slow =823-1493 ms;
Visit 2: fast=316-524 ms, slow = 524-1560 ms; Carlos, Visit 1: fast=413-681 ms, slow = 681-1651 ms; Visit 2: fast =338-591 ms, slow = 594-1958 ms; native signers:
fast=312-794 ms, slow = 523-1903 ms; L2 signers: fast = 337-812 ms, slow = 601-1897 ms.

groups show a markedly different pattern (native signers, C and
G; L2 signers, D and H). Both the fast- and slow-RT words are pro-
cessed by the same brain areas, predominantly localizing to the
left-hemisphere superior and inferior temporal sulcus, PT, and
inferior parietal sulcus. Together these results show that the
cases’ neural responses to words with which they are becoming
the most familiar, as indicated by RT, look more typical than
their neural responses to words with which they are less familiar.
These results indicate that the observed changes in neural
language processing these 2 individuals show over time are
specifically related to language learning.

Discussion

The present study is a longitudinal examination of neural lan-
guage processing in adolescent L1 learners and as such provides

novel insights concerning the relation between language experi-
ence in early life and the neural architecture for language. Carlos
and Shawna had little language until age 14 years when they
became fully immersed in ASL. Previous studies with other late
L1 learners of sign language have shown that delayed L1 acquisi-
tion is associated with lifelong low language proficiency, as
well as anomalous patterns of language processing in the brain
(Newport 1990; Mayberry 1993; Mayberry et al. 2011; Emmorey
et al. 1995). However, most late L1 learners so far have been
studied after years of language use. The current longitudinal
examination asks how the brain begins and continues to process
language when formal language input first becomes available in
adolescence.

Our initial aMEG studies with Shawna and Carlos indicated
that their neural processing of words after 2-3 years of language
immersion was atypical, both in terms of brain localization and



in terms of the polarity of the semantic priming effect. The spe-
cific question under investigation here was whether and how
these neural word processing patterns change as language ex-
perience increases over time. One possible outcome was that
the brain’s language system, being permanently altered by lan-
guage deprivation in early life, would continue to show atypical
neural processing patterns for words, despite relatively small
but real improvements in both receptive and productive linguis-
tic behavior. Alternatively, if some plasticity has been preserved,
then the neural correlates of the cases’ language processing
would become more typical as they experienced more language.

Our findings support the second hypothesis. The cases’ task
performance shows improvements both in terms of RT and ac-
curacy. Their semantically modulated neural activity, which pre-
viously localized predominantly to the right superior parietal,
anterior occipital, and dorsolateral prefrontal cortex, is now ei-
ther bilaterally distributed (Carlos) or left-lateralized (Shawna).
Importantly, the leftward shift is particularly evident in their
neural responses to those words with which they are most famil-
iar; the localization of neural responses to less familiar words, on
the other hand, remains atypical. This suggests that the observed
changes are emerging specifically in response to language learn-
ing. While the polarity of the adolescents’ brain responses also
remains somewhat atypical, our results nevertheless suggest
that the human brain is capable of changing its response to
words with prolonged language exposure, even when language
is first experienced in adolescence.

The observed changes in neural language processing are in
agreement with findings in typically developing children and
adults. Neural activations outside of the classical left-
hemisphere language areas have previously been associated
with the processing of a less proficient or a later-acquired lan-
guage; however, it should be emphasized that, for example, in-
fants’ responses to language stimuli, which are predominantly
left-lateralized from a young age, show some additional right
hemisphere activity when directly compared with adult re-
sponses (Travis et al. 2011). Along similar lines, neural responses
to words in bilinguals’ less dominant language exhibited in-
creased right hemisphere activity compared with the more dom-
inant language (Leonard et al. 2010, 2011). We have recently
observed a similar pattern in a group of hearing English speakers
who were beginning L2 learners of ASL (Leonard et al. 2013). Their
responses to auditory and written English words, as well as to
ASL signs were mainly left-lateralized, but the less proficient
ASL additionally engaged the right hemisphere. Taken together,
the evidence from infant and adult studies seems to suggest that
language is less lateralized to the left hemisphere in the early
stages of linguistic and biological development when a language
has been or is being learned from birth. It should be noted, how-
ever, that the noncanonical localization of neural activity in in-
fants and L2 learners is typically not as extensive as what we
observed in the cases.

The left frontotemporal network is well established to be the
main site of neural generators of the N400 response in typically
developing subjects across different language modalities (Halg-
ren, Baudena, Heit, Clarke, Marinkovic and Clarke 1994; Halgren,
Baudena, Heit, Clarke, Marinkovic, Chauvel et al. 1994; Marinko-
vic et al. 2003) and is also involved in the processing of word
meaning in infants and L2 learners (Dehaene-Lambertz et al.
2002; Imada et al. 2006; Travis et al. 2011; Leonard et al. 2010,
2013). Neurons in parts of this network are known to respond to
the semantic categories of words across modalities (Chan et al.
2011) and are hypothesized to function as “semantic hubs”
(Patterson et al. 2007) where word knowledge is stored at the
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abstract level. Thus, the increasingly prominent neural activity
in the left frontotemporal areas that we observed in Carlos and
Shawna across Visits 1 and 2 may suggest that they are represent-
ing word meaning in a more abstract manner.

Despite the above-described leftward shift, some aspects of
Carlos’ and Shawna'’s neural word processing remain atypical.
For example, the localization of the semantic priming effect for
the less familiar words (words to which they responded with
slower RTs) still localizes to the right superior parietal areas
and is similar to what we observed at their initial visit. In add-
ition, many of their responses are still increased rather than de-
creased by semantic priming (congruent > incongruent, rather
than incongruent > congruent). Similar responses with reversed
polarity have previously been observed in 12-month-old children
but disappear soon thereafter as the semantic priming mechan-
isms mature and the canonical N400 emerges (Friedrich and
Friederici 2005; 2010). In a group of 12- to 18-month-olds, Travis
et al. (2011) did not find such effects but instead found the N400
to be mostly adult like. It may be that in typically developing
infants, the congruent > incongruent effect is present only for a
brief period of time. In Carlos and Shawna, these effects are
still present after 39 and 51 months of input, suggesting that
the robust neuroplasticity associated with infant language learn-
ingisreduced in adolescence. It remains to be seen whether their
polarity will ever change, as is suggested to occur in infants, and
whether their neural processing for words will become as left-la-
teralized as native signers.

In addition to atypical patterns of lexico-semantic processing,
it is also important to note that Carlos’s and Shawna’s overall
language comprehension and production remain at relatively
low levels. Studying these 2 individuals over a period of 4 years,
we have observed slowed language development (Ferjan Ramirez
et al. 2013a, 2013b). There is no evidence of the accelerated vo-
cabulary and morpho-syntactic learning characteristic of very
young children that might have been expected to occur with in-
creased language experience. Similarly, the syntactic complexity
of their utterances shows only a modest increase over time and
remains at a low level despite 4 years of language experience
(Ferjan Ramirez et al. 2013b).

The fact that Carlos’ and Shawna’s language acquisition is
slow is not surprising. Other studies have indicated that delays
in onset of first-language acquisition affect language acquisition
and processing (Curtiss 1976; Newport 1990; Emmorey et al. 1995;
Mayberry et al. 2002; Morford 2003; Berk and Lillo-Martin 2012).
One well-known case of late first-language acquisition is Genie,
a victim of severe social isolation and abuse who was physically
isolated from the outside word until 13.5 years old. Although
Genie was able to use limited vocabulary and form simple utter-
ances, her grammatical structures remained atypical even after
8 years of language use (Curtiss 1976; Fromkin et al. 1974).
Morford (2003) studied 2 deaf homesigners who first began to ac-
quire ASL at the age of 13. Although they quickly replaced their
gestures with ASL signs and were able to describe narrative
pictures after 3 years of learning, their comprehension of ASL
utterances was barely above chance after 7 years of language use.

Other studies report atypical brain activation patterns in re-
sponse to language stimuli when the onset of language acquisi-
tion is delayed. For example, Genie was tested on a dichotic
listening paradigm and showed a marked left ear advantage
(right hemisphere) in response to linguistic, but not to nonverbal
stimuli (Fromkin et al. 1974). In a study on German Sign Lan-
guage, deaf non-native signers exhibited a variety of neural acti-
vation patterns, likely reflecting the fact that age of acquisition
was not controlled (Meyer et al. 2007). More follow-up studies
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with the present individuals and other late L1 learners are
needed to determine whether and how the neural correlates of
language processing become more typical with increased lan-
guage experience. One fMRI study using simple ASL sentences
has found that the neural patterns of language processing in
late L1 learners of ASL, although left-lateralized, tended not to lo-
calize to the anterior language areas as in native signers, even
after 20 or more years of language use (Mayberry et al. 2011). In
the current study, we observed some change toward a more na-
tive-like brain response, but it is important to emphasize that
we looked exclusively at the processing of word meaning.

Finally, itis important to note that Carlos’ and Shawna’s neur-
al activation patterns were not identical to one another either at
Visit 1 or at Visit 2. Given the uniqueness of their backgrounds,
these differences are somewhat expected and make the com-
monalities in the observed experience-related neural changes
even more remarkable. Particularly intriguing is the finding
that, for both participants, the activity related to semantic con-
gruency observed in the right dorsal stream (i.e., right anterior
occipital and superior parietal) is reduced over time and is
being replaced by left frontotemporal activity. One possibility is
that this shift in neural activation pattern is driven by a decrease
in attentional resources (i.e., more left-hemisphere activity when
word processing requires less attention; for example, in response
to fast RT words in Visit 2); however, it should be noted that no
such shift is evident in control participants when their responses
are split by median RT.

We have previously proposed that right dorsal stream activa-
tions may be related to the cases’ use of articulatory remapping
and visual-to-motor transformations to access lexical meaning.
These alternative strategies may have initially been used due to
the unique way in which they began to acquire their first lan-
guage. While typically developing infants learn the basic phonet-
ic structure of native language and become specifically tuned to
its recurrent sublexical patterns before they are able to produce
their first words (Werker and Tees 1984), Shawna and Carlos did
not spend a year observing phonological patterns and babbling
with their hands but rather began to use ASL for referential com-
munication as soon as it became available. One hypothesis is that
the tuning to the phonetic structure of words enables the specific
neural configuration for language processing in the left fronto-
temporal brain network (see Kuhl 2004), parts of which are
known to be specifically involved in phonological encoding (Inde-
frey and Levelt 2004). If form-meaning relationships are estab-
lished without the discovery of recurring phonological patterns
of native language (Morford and Mayberry 2000), word meaning
may initially have to be recognized through the dorsal stream,
due to the use of mechanisms that are less dependent on decon-
structing the words into subparts because the subparts have not
yet been learned.

If the above-mentioned hypothesis is correct, our current data
would suggest that as more language is experienced, the alterna-
tive mechanisms of lexical access that may be used in the initial
stages of language learning eventually become replaced by the
more canonical mechanisms, supported by the classical left-
hemisphere system supporting lexical access and semantic inte-
gration. The observed leftward shift in neural lexical processing is
accompanied by improvements in task performance, suggesting
that language learning itself enables more efficient processing,
perhaps by creating more abstract linguistic representations and
allowing for greater automaticity in accessing lexical meaning
(Mayberry and Eichen 1991).

Taken together, the present results suggest that the human
brain remains at least partly sensitive to novel language input

throughout adolescence, even after a childhood of language de-
privation. The 2 adolescents studied here initially showed atyp-
ical neural activation patterns in response to words, which, in
some aspects, became much more typical as they experienced
more language. Despite these changes, however, some aspects
of the cases’ neural word representations remain atypical. It
may be that the observed leftward shift in the neural responses
to word meaning is limited to a set of single words that they
have known and used for years. It thus remains to be seen
whether the cases’ neural responses to all words will ever look
completely native-like and whether they will exhibit native-like
responses to sentence-level stimuli.
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Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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